We examined variation at a class II major histocompatibility complex (MHC) gene ( DRB 1) in the captive red wolf population and samples of coyotes from Texas and North Carolina. We found 4 alleles in the 48 red wolves, 8 alleles in the 10 coyotes from Texas and 15 alleles in the 29 coyotes from North Carolina. Two of the four alleles found in red wolves, Caru -2 and Caru -4, were found in both the Texas and North Carolina coyote samples. Allele Caru -1, previously found in gray wolves, was also found in the North Carolina sample. The most frequent red wolf allele, Caru -3, was not found in any of the coyote samples. However, an allele found in both the Texas and North Carolina coyote samples is only one nucleotide (one amino acid) different from this red wolf allele. Overall, it appears from examination of this MHC gene that red wolves are more closely related to coyotes than to gray wolves. There were a number of different types of evidence supporting the action of balancing selection in red wolves. Namely, there was: (i) an excess of heterozygotes compared with expectations; (ii) a higher rate of nonsynonymous than synonymous substitution for the functionally important antigen-binding site positions; (iii) an eight times higher average heterozygosity of individual amino acids at the positions identified as part of the antigenbinding site than those not associated with it; (iv) the amino acid divergence of four red wolf alleles was greater than that expected from a simulation of genetic drift; and (v) the distribution of alleles, and the distributions of amino acids at many positions were more even than expected from neutrality. Examination of the level and pattern of linkage disequilibria between pairs of sites suggest that the heterozygosity, substitution and frequencies at individual amino acids are not highly dependent upon each other.
Introduction
The red wolf, Canis rufus , once had a distribution throughout much of the eastern part of the USA (Nowak et al . 1995) . However, in the early 20th century, the numbers of red wolves declined dramatically because of eradication programmes, habitat destruction, hybridization with coyotes and parasite infestation (McCarley 1962; Nowak 1979) . In 1967, red wolves were listed as endangered and by 1970, they remained in only a small area of Texas and Louisiana. A captive breeding programme was initiated in 1974, which now contains contributions from 14 individuals from this remnant population; the natural population became extinct in 1975. The captive population was used to start a reintroduced wild population in eastern North Carolina in 1987 , which has now grown to approximately 100 individuals.
Molecular genetic studies and analysis have sought to determine the origin of red wolves, i.e. whether they should be considered a separate species or are the result of hybridization between coyotes, C. latrans , and gray wolves, C. lupus . Wayne and colleagues (Wayne & Jenks 1991; Roy et al . 1994 Roy et al . , 1996 suggested that red wolves were descended from hybridization between coyotes and gray wolves based on mitochondrial DNA (mtDNA) and microsatellite data. Their data demonstrated that red wolves did not appear to have molecular markers not found in either coyotes or gray wolves, suggesting that red wolves have not existed long enough to evolve unique molecular characteristics. There is evidence of extensive hybridization between red wolves and coyotes prior to the initiation of the captive population (Nowak 1979 ) but examination of pre-1940 specimens by Roy et al . (1996) did not show unique red wolf markers in these individuals. Reich et al . (1999) analysed these microsatellite data and suggested that red wolves may be the result of recent (with broad time limits) hybridization.
In contrast, Bertorelle & Excoffier (1998) suggested that the microsatellite data of Roy et al . (1994) are consistent with a model in which red wolves and coyotes are descended from the same lineage, without hybridization from gray wolves. Similarly, Wilson et al . (2000) suggested that red wolves and coyotes evolved in North America, separate from the old world lineage of gray wolves. Both of these analyses suggested that gray wolves would not have contributed significantly to the current red wolf population, but that the red wolves (and Wilson et al . claimed the eastern Canadian wolf) derived for the most part from the coyote lineage.
The major histocompatibility complex (MHC) is one of the most important genetic systems for infectious disease resistance in vertebrates (Edwards & Hedrick 1998; Hedrick & Kim 2000; Hill 2001 ). The association of disease resistance and MHC variation has often been difficult to document for various reasons (Hedrick & Kim 2000) , but a number of human studies have documented its importance for resistance to malaria (Hill et al . 1991) , hepatitis (Thurz et al . 1997) and AIDS (Carrington et al . 1999 ). In addition, O'Brien & Evermann (1988) suggested that organisms with low MHC variation, such as many endangered species, might have high susceptibility to infectious disease. In addition, it has been widely recognized that mortality from pathogens and parasites may be a significant extinction threat (Lyles & Dobson 1993; Laurenson et al . 1998; Murray et al . 1999; Lafferty & Gerber 2002) .
Here we characterize the genetic variation in a highly variable class II MHC gene in red wolves, and for comparison, examine samples from coyotes. Our purposes were twofold. First, we wished to determine if variation at this important nuclear gene would provide any evidence on the relationship among red wolves, coyotes and gray wolves. Second, we wanted to document the extent of genetic variation in endangered red wolves available for an adaptive response to infectious disease and evaluate evidence for balancing selection at this MHC gene.
Materials and methods

Sample sources and DNA techniques
DNA samples from red wolves (48 animals) and coyotes from Texas (10) and North Carolina (29) were obtained from L. Waits, University of Idaho. Most the information on the molecular techniques used here is identical to that provided in . However, here we used primers from Kennedy et al . (1998) to amplify the fulllength 280 bp sequence of MHC class II DRB 1 exon 2, these primers were DRB1F (5 ′ -CCGTCCCCACAGCACATTTC-3 ′ ) and DRB1R (5 ′ -TGTGTCACACACCTCAGCACCA-3 ′ ). These primers were used both for single strand conformation polymorphism (SSCP) analysis and subsequent cloning. Subclones with the correct size insert were screened by SSCP and clones with band profiles identical to that individual's genomic SSCP pattern were chosen for sequencing. Heterozygotes were identified using SSCP as the sum of the profiles for two allelic subclones. Subclones were sequenced on both strands on an Applied Biosystems 377 automated sequencer (division of Perkin − Elmer, Foster City, CA, USA). Sequences were identical in all replicates and from both strands.
Data analysis
To align the sequences, the sequence editor esee Version 3.25 was used. mega Version 2.1 (Kumar et al . 2001 ) was used to construct the neighbour-joining (NJ) tree using the genetic distance of Jukes & Cantor (1969) and to obtain bootstrap confidence intervals (1000 replicates). mega was also used to calculate the relative rate of nonsynonymous and synonymous substitutions according to Nei & Gojobori (1986) and applying the correction of Jukes & Cantor (1969) for multiple hits. Expected heterozygosity was calculated after Nei (1987) with the small sample size correction. Amino acid heterozygosity for individual sites was calculated by weighting the amino acids in given sequences by their population frequency as in Hedrick et al . (1991) . The Ewens − Watterson test (Ewens 1972; Watterson 1978) for determining whether the distribution of allele frequencies (and distribution of amino acids at specific positions) were different from that expected by neutrality was tested using a program based on the algorithm of Stewart (1977) .
Results
Amount and extent of variation
All the samples amplified successfully except for one coyote sample from North Carolina. SSCP gels resulted in band patterns consistent with four alleles in the red wolves, eight alleles in the Texas sample of coyotes and fifteen alleles in the North Carolina sample of coyotes (Table 1) . (To associate alleles with the species in which they were found, we use an identifier in which the first two letters are the first two letters of the genus name and the second two letters the first two letters of the species name.) Two of the four red wolf alleles were found in the Texas sample of coyotes and three of the four red wolf alleles were found in the North Carolina sample of coyotes. Five alleles were shared in the Texas and North Carolina samples of coyotes.
Compared with expected Hardy − Weinberg proportions (corrected for small sample size), the observed heterozygosities for the red wolves and the coyote samples from Texas were higher, and from the coyote samples from North Carolina and California were lower (Table 2) . However, none of the observed heterozygosities in these four samples was statistically significantly different from that expected. The average inbreeding coefficient from pedigree analysis ( f ) for the red wolves was 0.044, which lowers the expected heterozygosity . We can estimate the expected heterozygosity as
where H e is the small sample size corrected expected heterozygosity. The observed heterozygosity is 0.833 and using the inbreeding data, the expected heterozygosity is 0.690, giving a significant excess of observed heterozygotes over that expected ( χ 2 = 4.59, P < 0.05).
Sequences were obtained for all 4 alleles found in the sample of 48 red wolves (3 of these we found in our previous sample of 3 red wolves, although the sequence here is longer), for 5 of 8 alleles in the Texas sample of coyotes, and for 10 of 15 alleles in the North Carolina sample of coyotes (the amount of DNA was not adequate to obtain sequences for the remaining alleles). None of these new alleles were identical to those described in dogs. The new allele found in red wolves, Caru -4, was the least frequent, but the frequency of the four alleles was rather even (Table 1 , also see below). Previously, we found that red wolf allele Caru -1 was identical to gray wolf allele Calu -11 . In this further survey, we have now also found this allele in the coyote sample from North Carolina ( Cala -10). In addition, we have now found red wolf alleles Caru -2 and Caru -4 in both the coyote samples from Texas and North Carolina (called Cala -11 and Table 1 The observed frequencies of the 18 different alleles at the MHC DRB1 locus in red wolves (boldface Caru alleles) and three samples of coyotes (Cala) from California (CA) , Texas (TX) and North Carolina (NC) where 2N is the number of alleles identified. Identical alleles from red wolves, coyotes and gray wolves (Calu) are given on the same line. The other Calu alleles (six alleles) were gray wolf alleles described in . 
Cala -12, respectively). The only red wolf allele not found in coyotes is Caru -3, the most common allele at a frequency of 0.396. However, coyote allele Cala -18, the most frequent allele found in both Texas (0.350) and North Carolina (0.411) samples, is only one nucleotide (one amino acid) different from red wolf allele Caru -3. In other words, only Caru -3 appears to be potentially unique to red wolves but it may be the result of recent evolutionary divergence from Cala -18. Caru -3 may possibly exist in coyotes from Texas and/or North Carolina because Caru -3 and Cala -18 are not differentiable by SSCP. However, the six sequences we have obtained of this mobility product from coyotes from Texas and North Carolina all have been allele Cala -18. Figure 1 presents a NJ tree with the 28 DRB sequences (there are actually 34 sequences in the figure because five are in more than one lineage or taxa). (Sequences 228 bp in length were used here because most of the Mexican wolf, gray wolf and coyote sequences, Cala -1 to Cala -8, were of this length.) As has been found for MHC genes in other taxa, the sequences for a given taxon are dispersed throughout the phylogenetic tree. In particular, the four sequences from red wolves are widely dispersed in the tree with high bootstrap numbers separating them. As discussed above, for three red wolf alleles an identical coyote allele was found and for the fourth, Caru -3, a coyote allele that differed by only one nucleotide was found. However, only for red wolf allele Caru -1 was there an identical gray wolf allele. Further, the closest gray wolf allele to each of red wolf alleles Caru -2, Caru -3, and Caru -4 averaged 13.8 nucleotides (9 amino acids) difference. Table 3 presents the nucleotide and amino acid sequence for the 23 variable codons for the 4 red wolf alleles (the complete sequences for these four alleles and the six new coyote sequences, Cala -13 to Cala -18, have been deposited in GenBank, Accession nos. AF516916 to AF51625). The average number of amino acid differences between the 4 red wolf alleles was 25 nucleotides (15.5 amino acids) and the range in difference between pairs for nucleotides (19 -31) and amino acids (13-19) was not large.
Of the 93 amino acids, 23 (24.7%) were variable and of the 280 nucleotides sequenced, 62 (22.1%) were variable. For one position, 28, the four alleles each had a different amino acid, whereas for eight other positions they had three different alleles. There were two codon positions, positions 73 and 77 that had only silent variation (this same silent variation is also present in both coyotes and gray wolves, . The amino acid positions, documented using X-ray crystallography in humans to be important in the antigen-binding site (ABS) (Brown et al . 1993) , are indicated by an asterisk in Table 3. Note that these are different from those given in and the correct position numbers are 9, 11, 13, 28, 30, 32, 37, 38, 47, 56, 60, 61, 65, 68, 70, 71, 74, 78, 81, 82, 85, 86, 88 and 89 . Of the 24 ABS positions, 14 (58.3%) are variable over the 4 alleles, whereas for the remaining 69 positions that are Table 2 The observed and expected (using Hardy−Weinberg proportions and small sample size correction) heterozygosities at the DRB1 locus for red wolves and the three samples of coyotes where N is the sample size. Also given is the expected heterozygosity for red wolves using the observed average inbreeding coefficient (f) from pedigree data 
Consensus -tg gag atg ttt t-c cat ttt ctg g-g agc tat ttc tac g-c t-c -gg ctc cag aag gcc g-g ac--ggg -
*Positions that are thought to be part of antigen-binding site.
not thought to interact with the bound peptide, only 11 (15.9%) are polymorphic and 2 of these are only variable for synonymous differences.
Using the frequencies observed, we can calculate the average heterozygosity for each of the amino acid positions (Fig. 2) . The highest heterozygosity was for position 28 (0.714) and 18 amino acid positions have heterozygosities > 0.4. Most of the variation was concentrated in the ABS positions with an average heterozygosity of 0.349, whereas the nonantigen-binding sites had a significantly lower average heterozygosity of 0.043 (12% of that found for ABS positions).
Evidence for balancing selection
Although the excess of observed heterozygotes over HardyWeinberg proportions (taking into account inbreeding) and the concentration of heterozygosity in the functionally important ABS positions suggests the existence of balancing selection, we also carried out several specific tests. First, we estimated the rate of nonsynonymous ( d N ) and synonymous ( d S ) substitutions for ABS and non-ABS amino acid positions (Table 4) nonantigen-binding positions, the difference is not significant (similar results were found for the coyote alleles).
Second, we used the Ewens−Watterson test to determine if the frequencies of the red wolf alleles are consistent with neutrality expectation. Using the allele frequencies in Table 1 , the expected (Hardy−Weinberg) heterozygosity (1 − F) is 0.714, whereas the expected (under mutation− genetic drift equilibrium) heterozygosity for 4 alleles in a sample of 96 is 0.435. The probability that this difference (a more even distribution than neutrality expectations) would occur by chance is 0.014.
Using the same test and the frequency distribution for individual amino acid sites, we calculated the probability of the distribution occurring by chance for each polymorphic amino acid position in red wolves (Fig. 3) . Of the 23 polymorphic amino acid positions, 7 had probabilities of < 0.05 and 6 of these were at ABS positions. The positions with higher probabilities were scattered throughout the gene although one (position 10) was between two ABS positions.
When comparing population values, such as heterozygosity, substitution rates and frequencies, for very closely linked amino acid positions within a gene, the effects of selection on one position may influence variation at another position because they are in linkage disequilibrium (Hedrick 2000) . We examined this possibility by calculating the probability of the observed disequilibrium for pairs of the 23 positions polymorphic for amino acids. There were seven pairs of positions for which the probabilities are not significant, P > 0.05 (Table 5 ). The nonsignificant pairs are spread over the whole amino acid sequence and Table 4 The estimated rates of nonsynonymous and synonymous substitutions for antigen-binding site (ABS) and nonantigenbinding site amino acid positions and their ratio for the four red wolf and 17 coyotes sequences. N is the number of codons in each category and P is the probability that d N and d S are different 
*Positions that are thought to be part of antigen-binding site. Table 5 ), all four gametes are present. This is somewhat surprising because with only four alleles, only if each allele has a different combination of amino acid pairs can all four gametes, given two different amino acids at each position, be present. To evaluate the extent of recombination that is necessary to explain these data, we used the four-gamete test of Hudson & Kaplan (1985) . This test indicates that there has been a minimum of four recombination events in the history of the four sequences between amino acid positions 8 and 60, 60 and 63, 63 and 78, 78 and 86. However, it must be noted that these putative recombination events have created a patchwork sequential pattern of disequilibrium, in which despite the intervening recombination events, disequilibrium has been restored between positions 8 and 78 and between positions 63 and 86. Overall, this analysis suggests that there is some independence in the population values calculated on data from individual amino acid positions.
Finally, to determine the probability that four such divergent alleles in red wolves could persist by chance, assuming genetic drift, we used Monte Carlo simulation. The simulation starting point was the 28 different alleles given in Fig. 1 , all with equal frequencies, and then genetic drift was allowed to reduce the allele number to four (different finite population size scenarios, e.g. a gradual decline in population size or a smaller constant size, gave very similar results). The process was replicated 1000 times and the distribution of the number of pairwise amino acid differences between the remaining four alleles was determined.
The simulation results were compared with the observed mean difference (11.32 amino acids) for the four red wolf alleles, weighted by their frequency, for the 207 bp sequence (the longer sequence has not been determined for the coyote alleles found only in the California sample). The mean expected from the simulation results was 5.76 and none of the simulations resulted in a value as high as that observed (Fig. 4) . In other words, it appears very unlikely that the four alleles remaining in the red wolves would be as divergent as those observed.
These results are based on several assumptions. First, the initial distribution of the sequences was equal. It is possible that earlier nonrandom events may have made the ancestral frequency of the divergent alleles higher. Second, the measure of amino acid divergence in the population uses the even frequencies observed for calculation. The effect of genetic drift from 28 to 4 alleles results in a distribution similar to that expected under neutrality with a high frequency for the most common allele and a low frequency for the most rare allele. To examine the influence of the allele frequency distribution, we assumed that all the remaining alleles were equal in frequency and calculated the pairwise amino acid difference. The observed value is still higher and only 0.039 of samples of four different alleles resulted in a pairwise difference larger. In other words, when the frequency distribution of the alleles is the same, the amino acid divergence of the alleles is still significantly different from that expected by chance.
Discussion
Ancestry of red wolves
It has been suggested that red wolves are a recent hybrid from gray wolves and coyotes (Wayne & Jenks 1991; Roy et al. 1994 Roy et al. , 1996 because all the mtDNA haplotypes and microsatellite alleles found in red wolves were also found Fig. 3 The probability of significance using the Ewens−Watterson test on the distribution frequency of amino acids at different amino acid positions in the red wolf. *indicates sites that are putative antigenbinding site positions.
in either gray wolves or coyotes. However, in our data set of MHC sequences, only one of the four red wolf alleles was found in the gray wolves and three were found in the coyote samples. In addition, there was a coyote allele that was only one nucleotide (one amino acid) different from the fourth red wolf allele. Therefore, on average the closest coyote allele was only 0.025 nucleotides different from red wolf alleles, whereas the closest gray wolf allele was 13.8 nucleotides different. In other words, it appears that the lineage leading to the red wolf contained a larger proportion of coyote than gray wolf ancestry, supporting the suggestions of Bertorelle & Excoffier (1998) and Wilson et al. (2000) .
Previously , we had only examined coyotes from California and did not find any red wolf alleles in that sample. It now appears that this population was more isolated from red wolves than the Texas and North Carolina samples that we examined in this study. It is possible that a further examination of gray wolves may reveal other alleles identical or more similar to the red wolf alleles. However, our previous Mexican wolf (Mexican wolves are the closest extant geographical wolf taxa to the last red wolf population in the USA) study did not reveal any red wolf alleles in Mexican wolves. Another possibility is to examine eastern Canadian gray wolves although the relationship of these animals to red wolves, coyotes and other gray wolves is controversial (Wilson et al. 2000) .
Evidence for balancing selection
We found evidence for balancing selection for the red wolf alleles from several different observations and tests. First, we found an excess of heterozygotes over that expected when the observed level of inbreeding was taken into account. Second, we found an eightfold higher heterozygosity at amino acid positions in the functionally important ABS than in non-ABS positions. Third, we found a significantly higher estimate of nonsynonymous than synonymous substitution for the amino acid positions in the ABS positions, whereas there was no difference in the non-ABS positions. Fourth, we found a more even distribution of alleles than expected from neutrality and this evenness was also significant at 7 of the 23 polymorphic amino acid positions. Finally, the 4 red wolf alleles are more divergent than expected when drawn by chance from the 28 different alleles we have characterized.
Overall, there is strong evidence that balancing selection has been important at this gene and from the observed excess of heterozygotes, this selection even appears important in the current generation. However, the captive red wolf population has been managed to minimize mean kinship (Ballou et al. 1995) and it is possible that this management may have influenced genotypic frequencies and the distribution of allele frequencies. One check on this effect is to examine other loci that are thought to be neutral. A study is in progress to examine 19 microsatellite loci in these same red wolf individuals ( J. Adams and L. Waits, personal communication). Preliminary results suggest that there is no significant excess of heterozygotes and the distribution of alleles is consistent with neutrality for these loci. In other words, it appears that there is no general effect on these observations from the breeding programme that influences neutral loci. There are detailed necropsy results on some captive red wolves (Acton et al. 2000) that potentially may be used in combination with MHC genetic information to examine how selection has operated recently to influence genotypic frequencies. Fig. 4 The frequency distribution of the average number of pairwise amino acid differences from a simulation of genetic drift initiated with the 28 different sequences in Fig. 1 and continued until only four different alleles remain. The pairwise number of amino acid differences between the four extant alleles in red wolves is indicted to the right.
